Abstract. An ice core drilled in 2015 on the Renland ice cap at the eastern margin of Greenland has been inspected with regard to its melt content. The thickness of a melt layer reflects the temperature level at the time of melt generation. Hence the melt layers are an indicator of past regional summer temperatures in East Greenland, a region where paleoclimate records are sparse. Melt layers have been identified almost along the whole core, resulting in a melt record reaching back 10,000 years.
. The Renland ice cap with the RECAP drill site marked in red and the location where the 1988 ice core has been drilled in black.
Red box shows the location of the Renland peninsula. Triangles indicate positions of sites referred to in the main text.
corresponds to the thickness of the respective melt layer. Therefore, the high-resolution density profiles can be used for the identification of possible melt features.
Typical melt layer thicknesses for the ice cores examined in this study are up to 1 cm, but layers probably associated with above-average summer temperatures can be significantly larger (see Figure 3 ). In general, it is possible to identify such layers by visual inspection. For this study, we examined the cores S1 and S2 by eye and recorded each position and thickness of the 5 melt layers. Alley and Anandakrishnan (1995) pointed out the problem that for thin layers it becomes difficult to determine whether those are formed by refreezing melt water or other phenomena. For example, wind crusts appear very similar to melt layers. In order to avoid misinterpreting these ambiguous features, we only considered melt layers with thickness ≥ 2 mm in this study, as crusts are usually not much thicker than 1 mm.
The main core was already cut during standard processing. Therefore we use available line scan images to identify melt 10 layers. A line scan is performed by moving a camera along a microtomed ice core that gets illuminated by an indirect light source (Svensson et al., 2005) . In the resulting image, transparent sections of the ice core, such as melt layers, appear in black ( Figure 2 ). Line scan images are available for the whole main core. We examined all images by eye to characterize the contained melt layers. We merged the findings from both methods, µCT and line scans, to one catalog for each of the three cores, and double-counted layers were removed manually. Details of the three cores are listed in Table 1 . O-measurements has been provided by Simonsen et al. (subm. 2018) . Using this depth-age relationship it is possible to determine the thickness of the annual layers. For each annual layer we allocate the respective melt layers. The density profiles from the µ CT allow us to calculate the snow-water equivalent (SWE) for every 5 annual layer. Ideally, melt layers are totally bubble-free (which is rarely the case in reality, compare Figure 2 ), their respective density will be that of pure ice, which is 917 kg/m 3 . The fraction of the SWE of the melt layers (M ML ) and of the total annual layer (M total ) yields the annual melt ratio (AMR). Assuming a uniform thinning of both layers with age respective depth, the AMR is a thinning-independent quantity. Thus, on an annual time scale AMR values indicate warm summers with a large amounts of melt. On longer, decadal time scales differences in the AMR allow us to distinguish warm and cold periods in the 10 past. 
Correction for ice volume loss due to thinning
With increasing depth a load will be applied to the ice column caused by the overburden pressure. It leads to compaction of the annual layers in the firn. Below the firn-ice transition layers will be thinned dynamically in addition as a response to the applied strain (e.g., Nye, 1963; Jansen et al., 2005) . Thus the thickness distribution of the melt layers does change with depth.
But below the firn-ice transition melt layers will shrink in the same way as the whole annual layer, i.e. with the same strain 5 rate, and thus thinning does not change the thickness ratio of the layers. The continuous reduction of the layer size leads thin layers to fall below the detection limit of 0.2 cm thickness. Consequently, more and more layers vanish with increasing depth.
This means that the AMR values are underestimated the further we go back in time because an uncertain amount of melt layers is not detectable.
An attempt to estimate to which degree the thinning influences the AMR can be made using the thinning rate. Once the 10 thinning rate has been determined, we can calculate at which depth a layer of a certain size will shrink below 0.2 cm. Based on the thickness distributions shown in Figure 3 , which are assumed be steady over time, we calculate at which depth each layer of a given thickness will become undetectable to correct the melt volume for the ice volume loss caused by thinning of the layers (or, to be more precisely, the thickness loss since we investigate the reduction of this parameter to estimate the amount of ice that becomes undetectable).
15
We derived the thinning rate of the Renland ice cap by using a strain-model modified after Dansgaard and Johnsen (1969) , which considers local factors affecting the flow behavior. From radar measurements performed during the pre-site surveys, a valley-structure has been found below the position of the drill site (Johnsen et al., 1992) . It is likely that changes in bedrock topography affect the ice flow which also means a changing increase of strain rate with depth. Also, the lowest 47 m have been identified as dead ice (i.e. ice that has stopped thinning) (Simonsen et al., subm. 2018 ). Both observations have been 20 incorporated into the thinning model, which results in the depth-dependent strain profile. Further details of the model can be found in the Appendix.
Results

Common depth interval: 1905 to 2013 CE
The resulting merged catalog lists 1101 melt layers for the main core, 233 for S1 and 306 for S2. In order to compare the 25 three cores, focus has to be put upon the depth sections that are available for all three cores. This common depth interval spans determine, but all records share a local peak AMR at 1917 CE and a decay of values soon after it. The mean values begin to distinctly increase in the mid-1990s, a trend that that continues until the end of the record in 2013.
Time period -100 to 2013 years CE
The AMR record of the recent past shows a strong warming trend since about 1860 (Figure 5a , black line). Both the absolute values (red bars) as well as the smoothed curve show a continuous increase which has a first peak in the early 20th century. . Annual melt ratio record of the main core for for the past 10,000 years. The event density (black line) has been calculated using a 1,000 year wide sliding window. Note that no correction for ice volume loss caused by layer thinning has been applied to the annual melt ratios in this figure. values increase, but also their occurrence frequency rises. In return, the frequency of years containing detectable melt in general decreases further back into the past.
Discussion
Single-core representativity
Since the lateral distances between the cores are small we assume that weather conditions are equal for all core positions.
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Also the measured densities show a uniform increase with depth, which indicates that compaction rates are similar in the firn.
However, the occurring melt layers show differences in number and size between the three cores ( Figure 3 ).
As noted in Table 1 , S2 shows a significant increase in the amount of melt layers found in the common depth interval compared to the other two cores, while the main core and S1 contain about the same number of melt layers. On the other hand, the layer thicknesses are more similar between S1 and S2 (Figure 3 ), hence the higher number of melt layers leads 10 to about 40 cm more melt content in S2 compared to S1. This corresponds ti a 20% difference, although the two cores are only 30 m apart from each other. Since the initial amount of melt generated at the surface should be about the same for all core positions, the observed differences can be addressed to spatially varying percolation. Schaller et al. (2018, submitted) conducted a trench study investigating the distribution of melt features in the snow pack on the Greenland ice sheet. The study observed a concentration of melt along percolation pipes, and that the penetration depth of these pipes varies from some indicating that melt water percolates into underlying annual layers. Hence, the differences in the melt distribution observed in the three cores is likely expressing the high lateral variability of percolation processes.
The variation of melt content and its distribution is also expressed as varying annual values in the respective AMR records of the three cores. On an annual scale, the deviation can be large; in fact, the annual values rarely match between two cores, and 5 even less when all three cores are compared to each other (Figure 4 ). This is even the case for the 2012 melt event appearing as the most prominent year in the main core AMR record, but only moderate values are determined in the other two cores. Likely, the varying percolation depth is the cause, as smoothing the record by a three-year window already leads to a similar signal, an indication that irregular melt water redistribution takes place within the first few annual layers below the surface. After applying a 11-year smoothing the signals mostly look the same. This proves our record to have a resolution and representativity on the 10 decadal scale for the common depth interval.
Reliability of the AMR record
As described in the data analysis section, a consequence of layer thinning is the resulting underrepresentation of small-size layers that causes gaps in the AMR record as years with former little melt will appear as years with no melting at all. When an annual layer contains multiple melt layers, vanishing of the small layers will reduce the AMR. For example, the AMR of 2012 15 in the main core consists of 8 individual layers with thicknesses ranging from 0.2 cm to 2.5 cm. According to our thinning rate, the AMR of initially 0.18 for that year will be reduced to 0.13 after about 1,000 years and further reduced to 0.11 after 2,000 years because the thin layers will gradually fall below the detection limit.
Considering that in this way within 2,000 years approximately 60% of the initial melt volume is not detectable anymore (compare blue curve in Figure 5a ), we should expect that the AMR values of our record are systematically underestimated 20 the more we go back in time (Figure 5b , red line). The reconstructed lost ice volume takes into account this shortcoming.
Without applying the correction the AMR gradually decreases, while the corrected AMR record (Figure 5b , black line) shows a waveform trending around a constant mean. This is in good agreement to the trends of the reconstructed borehole temperature of the 1988 Renland ice core and the general Greenland temperature record by Kobashi et al. (2015) (same Figure, blue and pink line respectively), reconstructed from isotope measurements conducted on the NGRIP and GISP2 ice cores.
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The correction for lost ice volume is only valid for those cases when individual layers out of several within an annual layer are lost. In order to correct also the gaps in the record, we need to distinguish whether they are caused by vanishing of melt layers due to thinning, by percolation into underlying annual layers or if indeed no melting took place that year. These requirements go beyond what can be accomplished by the analytical methods applied in the current study.
Our approach ignores the fact that in most parts of the firn, compaction is the dominating process and hence melt layers will volume, on the other hand, is sensitive to the accuracy of the identified melt layers and their respective thicknesses. Melt layers do not always appear in high contrast to the surrounding firn and ice, the shape can be irregular and in an ice core sometimes a melt layer can't be distinguished from an ice lens. If a melt layer does contain bubbles, then the real SWE value will be lower than the value estimated by using the pure ice density as done in this study. The additional data from density profiles does not fully compensate these problems. We did not quantify the influence of these error sources, but leave it at pointing out that 5 absolute values in the AMR records should require careful investigation. Most of the above mentioned potential error sources intensify their influence with ongoing thinning, hence reliability of the results gradually decreases with age.
Comparison with melt histories from other studies
The AMR record is characterized by a high resolution on a decadal to century scale for the past~2,000 years, where transitions between different climate phases can be distinguished. The strong warming trend starting in the late 19th century correlates well 10 with the results from Site J in southern Greenland by Kameda et al. (1995) . On the contrary, the Early 20th Century Warming, found around 1917 CE in our record, appears earlier than in other climate records. Most studies identify this warming phase between 1920 to 1940 CE for the Arctic (Box et al., 2009; Orsi et al., 2017) . The onset of the LIA around 1500 is also observed by Herron et al. (1981) , following the warm Medieval. Not many melt layer studies from Greenland date back beyond this time, and the only other Greenland melt record that reaches back into the early Holocene is the one by Alley and Anandakrishnan
15
(1995) from the GISP2 ice core. They find a strong increase of melt features starting from -2,000 CE and lasting until -6,000 CE, which is about 1,000 years delayed compared to the Renland record. Since the GISP2 record only considers the melt frequency (the number of melt features per 100 years) and is based on much less findings, 1 event per 153 years for the most recent 10,000 years compared to 1 event per 14 years in this study, we believe that the record presented in this study has a higher accuracy and is more reliable. A much warmer than present day Holocene has been indicated in several paleoclimate records,
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and the observed change of the trend from the warmer to a cooler period at -1000 CE confirms the Northern Hemisphere temperature record of Marcott et al. (2013) .
Conclusions
Melt layers in ice cores are an easy to detect feature with summer temperatures as a most likely cause. It is possible to derive a paleoclimate record by relating the amount of melt to the annual layer thickness and calculate the AMR. In this study, we 25 made an attempt to rule out the biasing influence of random percolation process and dynamic thinning of the ice column on such a melt record.
Our correction approach is based on data from multiple cores from the Renland peninsula and a simple strain model. We present an AMR record corrected for the thinning-induced loss of melt volume for the period -100 CE to 2013 with a decadal to centennial resolution that is in good agreement with climate records from other studies covering this period. The Renland 30 melt record shows a phase of abrupt warming since the beginning of the 20th century, a trend observable in many other climate records of the recent past (Moberg et al., 2005; Semenov and Latif, 2012) . Other prominent phases of paleoclimate like the Figure A1 . The scheme for the ice flow model, including a step at height h. The driving force for the ice flow, is the accumulation rate λH .
The model has been tested for accuracy with observations calculating ice age as a function of height above bedrock from the vertical velocities. 
